ABSTRACT: Heritability and repeatability and genetic and phenotypic correlations were estimated for trotting race records with linear and generalized linear models using 510,519 records on 17,792 Finnhorses and 513,161 records on 25,536 Standardbred trotters. Heritability and repeatability were estimated for single racing time and earnings traits with linear models, and logarithmic scale was used for racing time and fourth-root scale for earnings to correct for nonnormality. Generalized linear models with a gamma distribution were applied for single racing time and with a multinomial distribution for single earnings traits. In addition, genetic parameters for annual earnings were estimated with linear models on the observed and fourth-root scales. Racing success traits of single placings, winnings, breaking stride, and disqualifi cations were analyzed using generalized linear models with a binomial distribution. Estimates of heritability were greatest for racing time, which ranged from 0.32 to 0.34. Estimates of heritability were low for single earnings with all distributions, ranging from 0.01 to 0.09. Annual earnings were closer to normal distribution than single earnings. Heritability estimates were moderate for annual earnings on the fourth-root scale, 0.19 for Finnhorses and 0.27 for Standardbred trotters. Heritability estimates for binomial racing success variables ranged from 0.04 to 0.12, being greatest for winnings and least for breaking stride. Genetic correlations among racing traits were high, whereas phenotypic correlations were mainly low to moderate, except correlations between racing time and earnings were high. On the basis of a moderate heritability and moderate to high repeatability for racing time and annual earnings, selection of horses for these traits is effective when based on a few repeated records. Because of high genetic correlations, direct selection for racing time and annual earnings would also result in good genetic response in racing success.
INTRODUCTION
The most important breeding objectives of trotters in Finland are single racing time and annual earnings, which are weighed in the aggregate breeding value of the BLUP index, with equal weights of 40%. In addition, age at fi rst start and best annual racing time are in the index, with weights of 10% each (http://www.hippos.fi ). Heritability estimates of racing performance range from low to moderate, and traits used in genetic evaluation of trotters (e.g., racing time, earnings, percentage of placings, and number of disqualifi ed races) are characterized as having nonnormal distributions (e.g., Ojala, 1987; Klemetsdal, 1994; Pösö and Ojala, 1997; Arnason, 1999; ThunebergSelonen et al., 1999; Bugislaus et al., 2005; Langlois and Blouin, 2007) . Nonnormality arises from the nature of a racing event where a particular incident for a trait is frequent among animals such as a zero purse at a race. Linear models with logarithmic, square-root, and fourthroot transformation are commonly used for the traits to normalize distributions. However, linear mixed models applied to traits on the original or transformed scale are often not adequate to correct for the heterogeneity of incidence rate and variance among fi xed effect subclasses (Gianola, 1982) . Nonnormal distributions can lead to biased estimates and reduced effi ciency of selection, which is due to nonlinear relationships between records of related animals and heterogeneous residual variances (Ibe and Hill, 1988 ). An alternative approach analyzing nonlinear traits of a continuous or discrete nature is to use generalized linear models, which are an extension of classical linear models (McCullagh and Nelder, 1989) . In generalized linear mixed models (GLMM), random effects may come from a nonnormal distribution, which can be implemented by using a link function to relate the linear predictor of the variable on the observed scale.
The objective of this study was to estimate heritability, repeatability, and genetic and phenotypic correlations for trotting race records in Finnhorse and Standardbred trotters using linear models and GLMM.
MATERIALS AND METHODS
Records used in the study were from the existing database.
There are 2 breeds used for trotting sports in Finland: Finnhorses and Standardbred trotters. The Finnhorse is a native horse breed of Finland. In addition to trotting sports, the Finnhorse can be used as a draft horse and for equestrian sports. The Finnhorse studbook was closed for other breeds upon its establishment in 1907. Breeding for Standardbred trotters in Finland started in the 1960s. The background of Finnish-born Standardbred trotters is mainly in North American Standardbreds; in addition, a small number of French trotters have been used in breeding.
The current population size of trotting horses in Finland is about 19,800 Finnhorses and 25,700 Standardbred trotters (http://www.hippos.fi ). The number of foals born annually is about 1,400 for the Finnhorse and 1,900 for the Standardbred.
Data Structure
Trotting race records for Finnhorse and Standardbred trotters were available for the study from the database of the Finnish Trotting and Horse Breeding Association. Data for single trotting race records included 510,519 records on 17,792 Finnhorses and 513,161 records on 25,536 Standardbred trotters from races during the years 1984 to 2005. More than one-half of the 43 race tracks in Finland are used only in summer, and to use records from races of similar standards, data in the study were restricted to records from the 17 main race tracks. At these race tracks, trotting races are organized yearround; however, spring was the most popular time for racing Finnhorses, and autumn was most popular for Standardbred trotters.
Stallions and geldings are used in larger numbers for races than mares, with the proportion of males being 64% in the Finnhorse data and 56% in the Standardbred trotter data. Finnhorse trotters are permitted to race from the age of 3 to 16 yr old, and Standardbred trotters are allowed to race from the age of 2 to 14 yr old. In the data sets, Finnhorses were most numerous in the 6-to 7-yrold age classes, and Standardbred trotters were most numerous in the age class of 4-to 5-yr-olds. A starting method in Finnish trotting races is either a fl ying start or a volt start (handicap race). Finnish trotting races can include several racing lengths, the most common being 1,600, 1,609, 1,640, 2,060, 2,100, 2,140, and 2,600 m. Volt starts can have a maximum of 6 handicap groups, which are 0, 20, 40, 60, 80, and 100 m. The handicap group of 100 m was discarded from the Standardbred data because of a small number of observations. To include the effect of a single race in the model, only races with a minimum of 10 starters were included in the data; the maximum number of starters in a single race was 16.
Records for annual earnings were collected for the same individuals as in the data sets for single records from the data covering annual earnings from all races during the years 1984 to 2005. The number of annual observations was 64,102 for 17,792 Finnhorses and 81,353 for 25,536 Standardbred trotters, giving an average number of annual records per horse of 3.6 and 3.2, respectively.
The total number of sires and dams, the number of sires and dams having a racing record of their own, and their average number of offspring in the data sets are given in Table 1 . The number of generations in the pedigree was at minimum 3 in the Finnhorse, with the number of animals being 34,449, and 2 in the Standardbred, with 38,779 animals. In the analyses of the Standardbred trotter, 5 genetic groups based on the country of birth were included to correct for the genetic differences in the base population. 
Description of Traits
A statistical description of trotting race traits for Finnhorses and Standardbred trotters is presented in Tables 2 and 3 . There were 6 single trotting race traits of racing time per kilometer (s), earnings (€), winnings (0/1), placings (0/1), breaking stride (0/1), and disqualifi cations (0/1) and one annual trait of earnings (€) in the analyses. Racing time (s/km) describes the speed of a trotter. Earnings traits are related directly to the income of a horse and were analyzed as a single purse and as annual total earnings (both in euros). General racing success using single records was described by the binary (0/1) racing success traits of winnings, placings, breaking stride, and disqualifi cations. In these binary traits, a code of 1 denotes the following: for winnings, indicating the horse won the race; for placings, indicating the horse fi nished as 1 of the 3 best horses; for breaking stride, indicating the horse broke down to gallop; and for disqualifi cations, indicating the horse was disqualifi ed from the race. Placings describe the rank of a horse relative to the mates in the same race, whereas winnings refl ect the temperament and competitiveness of the horse (Ojala, 1987) . Breaking stride describes the tendency of a horse to provide consistent trotting movements that contain the strides of gallop, whereas disqualifi cations include long gallops and various other incidents causing a disqualifi ed race (e.g., driver error).
Statistical Analyses
Distributions for racing time and earnings deviated from the normal distribution based on the values of skewness and kurtosis (Table 2) . Two methods were used to account for nonnormal data: transformations and use of GLMM models. In addition, linear models on the normal scale were used for racing time and earnings variables to compare results with different methods. The use of transformations and GLMM models was based on the phenotypic distributions of observations, on the residual distributions with linear models, and on the values of skewness and kurtosis.
Generalized Linear Mixed Models. Generalized linear mixed models are an extension of generalized linear models developed by McCullagh and Nelder (1989) . In GLMM models, the combined effect of fi xed (Xβ) and random effects (Zu) on the underlying scale is expressed as the linear predictor (η). The relationship between the linear predictor and the vector of observations in a GLMM is described as y| u ~ (h(η), R), which specifi es that the conditional distribution of y given u has mean h(η ) and variance R. The relationship between the linear predictor (η) and the conditional mean (μ) of the trait is modeled through a link (inverse) function (μ i = hη i ). Selection of inverse link functions is typically based on the error distribution (Kachman, 2000) .
The characteristics of penalized quasi-likelihood (PQL) developed by Breslow and Clayton (1993) on the basis of a fi rst-order Taylor series approximation used in the current version of ASReml 3.0 (Gilmour et al., 2009) as an approximate method of inference in GLMM models are here described in more detail. The PQL involves repeated fi tting of linear mixed models with working dependent variables and iterative weights that depend on parameter estimates from the previous cycle of iteration (Breslow, 2003) . The PQL technique has been determined to perform inadequately for certain types of GLMM models having a large number of random effects relative to the number of observations, leading to underestimation of variance components (Breslow and Clayton, 1993; Breslow and Lin, 1995) . According to Breslow (2003) , PQL has the greatest diffi culty in the analysis of binomial distributions based on small denominators, whereas it performs adequately for GLMM models with categorical outcomes provided that the observations have distributions that are approximately normal (Breslow, 2003) . For the binomial clustered data, the critical feature is the number of conditionally independent binary observations per cluster, where the expected numbers of successes and failures for each observation should generally exceed 5 (Breslow, 2003) . In the animal models, as the number of observations per animal increases, the information for prediction of the random effects also increases. Statistical Methods and Models. Linear mixed models on the normal scale for racing time and earnings were used to compare the effect of transformations and GLMM models on variance components. The statistical suitability of different models was partially assessed on the basis of residuals with the full model; however, the statistics in ASReml 3.0 are not fully suffi cient for genetic animal models because the predicted value includes some of the residual (Gilmour et al., 2009) . Some indication of the suitability of discrete distributions on data can be received through the variance heterogeneity factor (deviance/df) that is calculated from the binomial part of the log likelihood (Table 3) . A value greater than 1 for variance heterogeneity suggests the data are overdispersed; that is, the data values are more variable than expected under the chosen distribution (Gilmour et al., 2009) .
Logarithmic transformation using linear models and a gamma distribution with a logarithmic link function using GLMM models was applied to racing time. Fourth-root transformation using linear models was used for single and annual earnings and a multinomial distribution with a logit and probit link function with GLMM models were used for single earnings. The number of classes in the multinomial variable was the number of different incidences for a single purse (Table  3) . Binary racing success traits were analyzed using GLMM models with a binomial distribution and a logit link function (Table 3) . Estimates of heritability and repeatability for binomial and multinomial variables were reported on the underlying logistic scale with a variance of 3.2897 and on the underlying probit scale with a variance of 1.0 (Table 4 ; see also Table 6 ).
Models 1a and 1b were used to estimate heritability and repeatability for single records of racing time and earnings with linear models. Bivariate versions of model 1a were used to estimate genetic and phenotypic correlations between trotting race records. When applying generalized linear models for single records of racing time, earnings, winnings, placings, breaking stride, and disqualifi cations, the same fi xed and random effects were used as in linear model 1a.
In linear model 1b for racing time and earnings, racing length, race track, racing season, and racing year were replaced by the fi xed effect of a single race. To fi t a large number of fi xed effect classes of a single race (39,315 for the Finnhorse and 42,154 for the Standardbred trotter) in model 1b, an imputation procedure was applied in ASReml 3.0 where the effi ciency of computation is improved by cycling between 2 or 3 simpler submodels using ideas from Gibbs sampling (http://vsni.co.uk/ software/asreml). Linear model 1b was split into the 2 submodels: submodel 1, which includes the fi xed effects, and submodel 2, which includes the fi xed effects other than the race and the random effects of animal and permanent environment. The whole design matrix in imputation is formed where each subiteration uses the appropriate parts of the model. At the end, the variance parameters and solutions from the successive runs are averaged. The maximum number of iterations was 110 in the analyses. The sampling procedure does not report standard errors for the estimates, which accordingly are not presented in Table 5 . The sampling procedure was not applicable for GLMM models.
The formula for model 1a is as follows:
where y ijklmnopqr is the observation, μ is the population mean, sex i is the fi xed effect of the ith sex (stallions and geldings or mares), age j is the fi xed effect of the jth age class (3, 4, 5, 6, 7, 8, 9 , and ≥10 yr for Finnhorses; 2, 3, 4, 5, 6, 7, and ≥8 yr for Standardbreds ), smethod-grouplane is the fi xed effect for the interaction between starting method (fl ying start or handicap start), starting group (0, 20, 40, 60, 80, and 100 m for Finnhorses; 0, 20, 40, 60, and Earnings, € multinomial probit η = φ -1 (μ) 380 0.68 1 Dev/DF = deviance/degrees of freedom, variance heterogeneity factor; n.a. = not applicable. 80 m for Standardbreds), and starting lane (from 1 to 16), length l is the fi xed effect of the lth racing length (1,600, 1,609, 1,640, 2,060, 2,100, 2,140, and 2,600 m), track m is the fi xed effect of the mth race track (1 to 17), season is the fi xed effect of the nth season of the year (winter, spring, summer, or autumn), year o is the fi xed effect of the oth racing year (1984 to 2005) , animal p is the random additive genetic effect of the pth horse (p = 1, …, 34,449 for Finnhorses and p = 1, …, 38,779 for Standardbred trotters) distributed as ~N(0, Aσ 2 a ), pe q is the random effect of permanent environment of an animal across races ~N(0, Iσ 2 pe ), e ijklmnopqr is the random residual effect ~N(0, Iσ 2 e ), N = normally distributed, and I = identity. The fi xed effects of age, starting method and starting group and starting lane interaction, racing length, race track, season, and racing year were signifi cant (P < 0.001) for racing times and earnings traits in both breeds. The effect of sex was signifi cant (P < 0.05) for racing times but was not signifi cant for earnings traits in either of the breeds.
Model 2 was used to estimate heritability and repeatability for annual earnings and to estimate genetic and phenotypic correlations for the trait with other racing traits. The formula for Model 2 is as follows:
with all effects as in model 1.
(Co)variance components for linear and generalized linear models were estimated with REML using the ASReml 3.0 software package (Gilmour et al., 2009) .
RESULTS AND DISCUSSION

Distributions of Racing Time Traits
Distributions for single racing time differed from the normal distribution, with time traits still being closest to the normal among all trotting traits (Table 2) . Values for skewness and kurtosis indicated that time variables were closer to the normal distribution in the Finnhorse than in the Standardbred. The distribution of racing time is skewed, having a long tail to the right, but with most of the values concentrated around the mean, giving a peaked distribution. Logarithmic transformation did not entirely remove nonnormality; in fact, it increased the values of kurtosis in Finnhorses, whereas in Standardbred trotters both skewness and kurtosis were decreased closer to the normal distribution. The slopes of the absolute values of residuals on the predicted values were not equal to zero, suggesting that there is a relationship between the mean and variance in racing time with all models. Linear models on the logarithmic scale and gamma distribution on the underlying logarithmic scale did not have differences between variance components (Table 4) . However, the variance between observations shrinks when using linear models on the logarithmic scale or, alternatively, using gamma distribution on the underlying logarithmic scale Table 4 . Estimates of additive genetic, permanent environmental, and residual variance components (σ 2 a , σ 2 pe , σ 2 e ), heritability (h 2 ) and repeatability (r) for single trotting time and earnings traits from model 1a and for annual earnings from model 2 with standard errors as subscripts using linear and generalized linear models. Ln = natural logarithm compared with variance components using linear models on the normal scale (Table 4) .
Heritability and Repeatability for Racing Time Traits
Estimates of heritability were moderate, and repeatability estimates were high for racing time using model 1a (Table 4 ). There were only small differences between the breeds in the estimates of heritability, even though overall variation for racing time is larger in Finnhorses than in Standardbred trotters. This is due, in part, to the dependence between the mean and variance, as the mean of racing time is different between the breeds, and is in part due to differences in the selection history of the breeds. The Finnhorse is a more heterogeneous breed originating from workhorses, whereas the breeding goal for Standardbred trotters has always been for speed at harness races. Estimates of heritability and repeatability were similar for the different distributions, being only slightly greater in Finnhorses on the observed scale than on the logarithmic scale or with a gamma distribution.
Noticeable differences in heritability for racing time were observed between model 1a (Table 4 ) and model 1b (Table 5) in both breeds, where fi tting the single race as a fi xed effect gave a lower estimate of heritability as opposed to fi tting racing length, race track, season, and year. It can be argued that model 1a overestimates genetic variances in the absence of race effect. On the other hand, horses qualify for trotting races according to their prior race records, which may cause some confounding of race and animal effects. A group of similar animals and animals in the same families may repeatedly compete at certain races, and fi tting the single race in the model can lead to a reduced additive genetic variance and lower heritabilities. The preference for using model 1a was based on the fact that the sampling procedure accounting for single-race effects was not applicable for GLMM.
Solutions for the fi xed effects indicated that stallions and geldings were faster than mares. Males were 1.4 s superior to females in Finnhorses and 0.52 s in Standardbred trotters. Racing times improved consistently with age and, most remarkably, from the age of 3 to 4 yr in both breeds, with horses being 15 to 16 s faster at the age of 8 to 10 yr in Finnhorses and 6 to 7 s faster at the age of 8 to 10 yr in Standardbred trotters than at their youngest age. Older horses were faster than younger horses, which is likely a consequence of selection based on the decision of an owner not to race horses with poor records. In addition, other contributions to better racing times may be a cumulative effect of training and increased experience along with age. There were no clear differences between starting lanes; however, racing times at fl ying starts were generally better than at handicap starts. In both breeds, racing length indicated worse racing times per kilometer for the lengths of 2,060 m and above compared with shorter racing lengths. As a result of cold climate, harsh environmental conditions contributed to trotting race performance. Racing times were poorest in winter and best in summer, with a difference of 3.0 s in the Finnhorse and 1.8 s in the Standardbred trotter.
Drivers and trainers inevitably have an infl uence on racing performance, although the effect of driver is likely to be confounded with the animal effects because the best drivers tend to drive good horses. Additionally, it can be assumed that driver effects are partially included in the permanent environmental effect. In an earlier study by Thuneberg-Selonen et al. (1999) , the driver was fi tted as a fi xed effect in the model and was classifi ed on the basis of driving experience (i.e., the number of starts per driver). In the present study, the preference for fi tting the effect of driver as neither a fi xed nor a random effect was based on the results of preliminary data analysis.
Moderate estimates of heritability for racing time in this study indicated that selection of horses for speed is effective, and because of high repeatability a few repeated records for racing time at individual selection are needed to have adequate accuracy of evaluation. Heritability estimates were in the range of values presented in the literature, where genetic parameters for racing time traits have been estimated using annual, lifetime, or single records for variables on the observed scale (Ojala, 1987; Pösö and Ojala, 1997; ThunebergSelonen et al., 1999; Bugislaus et al., 2005) and on the logarithmic scale (Arnason et al., 1982; Arnason, 1999) .
In earlier studies, genetic parameters for trotting time traits have been estimated using lifetime (Arnason et al., 1982) or annual race records (Ojala, 1987; Pösö and Ojala, 1997; Arnason, 1999) , whereas more recent studies have focused on single race records (Thuneberg-Selonen et al., 1999; Bugislaus et al., 2005) . Thuneberg-Selonen et al. (1999) reported heritability estimates for single racing time corrected for a race of 0.23 in the Finnhorse and 0.28 in the Standardbred trotter. Heritability estimates were slightly lower for Finnhorses and greater for Standardbreds than in our study with model 1b accounting for a single race. Even though the data in the 2 studies were based partly on the same material, the data sets in our study were substantially larger, representing a wider proportion of the populations than in the previous study (Thuneberg-Selonen et al., 1999) . In comparing statistical models with single races or with race tracks, Bugislaus et al. (2005) obtained slightly greater heritabilities for racing time on the observed scale from a model including the fi xed effect of race (0.23) than from the fi xed effect of race track (0.19) in German trotters, which is the opposite of the results found in our study.
Distributions of Earnings Traits
Nonnormal distributions of single and annual earnings improved considerably with fourth-root transformation in both breeds (Table 2 ). An indication of the suitability of discrete distribution for single earnings was suggested on the basis of variance heterogeneity factors for multinomial variables on the underlying logistic and probit scales (Table 3 ). The distribution of phenotypic observations for single earnings has a characteristic for categorical data, where a number of certain purses occur repetitively. However, single earnings resulted in reduced variance components using GLMM compared with the fourth-root transformation, especially in the Standardbred, whereas in the Finnhorse differences between variance components using fourthroot transformation and multinomial distribution on the underlying logistic scale were smaller (Table 4) .
Similar to racing time, deviation from the normal distribution was generally smaller for the variables in the Finnhorse than in the Standardbred. Annual earnings followed the normal distribution better than single earnings because annual earnings is a less zero-infl ated trait than single earnings because of a larger number of animals relative to total number of observations having a nonzero record on an annual basis. Negative values for kurtosis showed that phenotypic variables changed toward a bimodal distribution in single earnings after a fourth-root transformation, which was more pronounced in Finnhorses than in Standardbreds. In annual earnings, fourth-root transformation resulted in a low negative value for kurtosis in Finnhorses, whereas a positive value for kurtosis was obtained in Standardbred trotters. The skewness of earnings improved substantially in the transformed variables.
Heritability and Repeatability for Earnings Traits
Estimates of heritability and repeatability were low for single earnings for all distributions (Tables 4 and 5 ). Moderate estimates of heritability and repeatability for annual earnings on the fourth-root scale were obtained, whereas annual earnings on the observed scale had low estimates of heritability but repeatability was moderate (Table 4) . Using a fourth-root transformation or a multinomial distribution gave greater heritability estimates for single earnings than on the observed scale, but annual earnings on the fourth-root scale yielded the greatest estimates of heritability among the variables. In contrast to the analyses of racing time, single earnings resulted in similar estimates of heritability for models 1a and 1b (Tables 4 and 5 ). Heritability estimates for earnings were similar between the breeds, except annual earnings showed a greater heritability in the Standardbred because of larger additive genetic variance than in the Finnhorse. On the basis of these heritability and repeatability estimates for earnings traits, 5 repeated single-race records in the Finnhorse and 7 repeated singlerace records in the Standardbred would be equivalent to 1 record of annual earnings in terms of the accuracy.
Results were in agreement with the literature, where low heritability for single earnings and moderate heritability for annual earnings have been reported using logarithmic, fourth-root, or square-root transformations (Arnason et al., 1982; Ojala, 1987; Klemetsdal, 1994; Pösö and Ojala, 1997; Arnason, 1999; ThunebergSelonen et al., 1999; Bugislaus et al., 2005; Langlois and Blouin, 2007 ). An alternative to using single or annual earnings is to use lifetime earnings, for which heritabilities of 0.33 on the fourth-root scale and 0.36 on the square-root scale were reported in the Swedish Standardbred (Arnason et al., 1982) . In the same breed, annual earnings on the fourth-root scale showed a heritability estimate of 0.36 (Arnason, 1999) . Klemetsdal (1994) reported heritability estimates of 0.14 to 0.23 for different age classes using power transformation in the Norwegian trotter, where nonraced horses were included with zero earnings to avoid selection bias. Ojala (1987) and Pösö and Ojala (1997) reported heritability estimates of 0.12 to 0.24 for annual earnings on transformed scales. In addition to fourth-root transformation, Ojala (1987) applied logarithmic and square-root transformations, which indicated that the most normally distributed variables were obtained by fourth-root transformations.
Single earnings were analyzed on the fourth-root scale by Thuneberg-Selonen et al. (1999) and on the logarithmic scale by Bugislaus et al. (2005) . Heritability estimates in the former study were 0.05 for Finnhorses and 0.09 for Standardbred trotters and in the latter study were 0.09 when corrected for the fi xed effect of single race and 0.08 when corrected for the fi xed effect of race track in German trotters.
Distributions of Racing Success Traits
Variance heterogeneity factors gave some indication of the suitability of discrete distribution to racing success variables that were less than 1, except for breaking stride in the Finnhorse (Table 3 ). The high frequency of positive incidents for breaking stride may explain that, rather than analyzing breaking stride as a class variable in the Finnhorse, it should be analyzed as a continuous variable using annual percentages relative to the total number of starts. This was not the case in the Standardbred, which had a proportion of races with breaks to stride remarkably less than in the Finnhorse, which may be explained by the differences in the selection history. It must be pointed out that breaking stride and placings had a frequency of positive incidents of more than 20% and variance heterogeneity factors showed much larger values, being over 0.90. The best fi t of the binomial distribution was for winnings, based on the lowest variance heterogeneity factors, as winnings also had the largest frequency of zeros among binary variables. A logit link function for binomial distributions corrected adequately for nonnormality, and the slopes of the regression of absolute values of residuals on the predicted estimates were from 0.00 to 0.25 for racing success variables.
Heritability and Repeatability for Racing Success Traits
Estimates of heritability and repeatability on the underlying logistic scale were low for the racing success variables (Table 6 ). Single winnings had the greatest heritability estimates among the variables, whereas breaking stride and disqualifi cations resulted in the lowest heritability estimates in both breeds. Heritability estimates in our study were generally less than in the literature using lifetime or annual records (Arnason et al., 1982; Ojala, 1987; Pösö and Ojala, 1997; Arnason, 1999) , which is not unexpected as the traits defi nitely are different on the single, annual, or lifetime basis. However, similar to our results, heritability of rankings in single races has been low in earlier studies as well (Thuneberg-Selonen et al., 1999; Bugislaus et al., 2005) .
The heritability estimate for lifetime winnings was 0.22 and for placings was 0.26 in the Swedish Standardbred (Arnason et al., 1982) , whereas annual placings showed a heritability of 0.33 in the same breed (Arnason , 1999) . Ojala (1987) reported heritability estimates for annual percentages of winnings and placings of 0.16 to 0.22 in the Finnhorse and in the Standardbred. Pösö and Ojala (1997) reported estimates of heritability in the same breeds using logit transformations of 0.12 to 0.22 for annual placings and winnings and of 0.11 to 0.14 for annual breaking stride and disqualifi cations. Thuneberg-Selonen et al. (1999) reported a heritability of 0.12 for rank at fi nish for single records in the Finnhorse and in the Standardbred, whereas Bugislaus et al. (2005) reported a heritability estimate of 0.05 with a race track model and of 0.07 with a race effect model for ranking in the German trotter.
Genetic and Phenotypic Correlations
Genetic correlations among trotting race records were high and favorable for breeding objectives (Table 7) . Phenotypic correlations were generally less than genetic correlations and ranged from low to high. Genetic and phenotypic correlations were very similar in both breeds. The greatest genetic correlations were for racing time with earnings, placings, and winnings as well as for earnings with placings and winnings. These traits can be considered genetically the same traits on the basis of the correlations close to 1. Racing time and earnings also showed high genetic correlations with breaking stride and disqualifi cations, but considerably less than with placings and winnings. The lowest genetic correlations were between breaking stride and earnings in both breeds. Phenotypic correlations between racing time and annual earnings were high, but other phenotypic correlations were from low to moderate. In estimation of covariance components, maximum log likelihood was reached for all other traits except for single earnings and placings in Standardbred trotters.
Moderate to high genetic correlations have been reported in previous studies using lifetime, annual, or single racing records (Arnason et al., 1982; Pösö and Ojala, 1997; Arnason, 1999; Bugislaus et al., 2005; Gomez et al., 2010) . Bugislaus et al. (2005) estimated correlations between single trotting race records of racing time, rank, and earnings. Similar to us, they found a genetic correlation of −0.98 between ranking and earnings, whereas genetic (Arnason et al., 1982; Arnason, 1999) . In the same studies, genetic correlations were −0.78 and 0.83 for racing time and earnings with placings using lifetime records and were −0.89 and 0.92, respectively, using annual records (Arnason et al.,1982; Arnason, 1999) . Greater genetic correlations among trotting performance traits will substantially increase the accuracy of evaluation when using a multitrait breeding value estimation. A different additive genetic variation for breaking stride and racing time as well as for breaking stride and earnings was evident in both breeds on the basis of generally lower genetic correlations. Low to moderate phenotypic correlations indicated that environmental effects differ between trotting race traits other than racing time and annual earnings. It would be expected that phenotypic correlations between racing time and placings as well as single earnings and placings would be greater and closer to the estimates of genetic correlations. The lower phenotypic correlations are probably due to nonhomogenous distributions for racing times and earnings among races. These distributions are likely explained by different racing times per kilometer between races and dissimilar purses between races. Similar to our study, lower phenotypic correlations between these traits have been reported with a race track model and a single race model in the German trotter by Bugislaus et al. (2005) .
Because of high genetic correlations direct selection of animals for racing time and earnings would be effective, and relatively high selection accuracy can be reached in multitrait evaluation of racing time, annual earnings, placings, and disqualifi cations when including only a few repeated records per horse, including the information sources of animal itself, sire, dam, and halfsibs. In terms of accuracy of earnings traits, comparison of genetic parameters suggests that 10 repeated records of single earnings would have greater accuracy than 1 record of annual earnings. In the Finnish breeding programs, selection is mainly based on phenotypic racing records, whereas estimated BLUP breeding values are used at the stage when these animals are evaluated after having progeny for upgrading breeding class or for the withdrawal of a breeding license. The use of EBV at individual selection would be more accurate than phenotypic selection and would allow shortening the generation interval as horses could be selected earlier on the basis of fewer records, leading to a greater rate of genetic gain in the population.
Conclusions
Racing time was the most normally distributed trait among trotting race records. A relationship between the mean and variance in racing time could not be removed with transformations. The most useful way to estimate genetic parameters for racing time is to use linear models on the observed scale. Zero-infl ation and multiplicative distribution of purses are causes for nonnormality of earnings. Fourth-root transformation considerably improved phenotypic distributions for single and annual earnings. Annual earnings are a better alternative for genetic evaluation than single earnings because they are closer to the normal distribution and have a greater estimate of heritability.
Racing time and fourth-root annual earnings are moderately heritable traits and moderately to highly repeatable traits. Therefore, selection of animals for racing time and annual earnings is effective, and a few repeated records are needed for adequate accuracy of evaluation. Racing success traits were of low heritability and repeatability; the greatest heritability was obtained for winnings in both breeds. Because of a high genetic correlation between racing traits, direct selection for racing time and earnings would also result in adequate selection accuracy for racing success.
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